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Abstract

NcSRS2, a tachyzoite surface protein of Neospora caninum, is an immunodominant protein with respect to induction of antibody

production and has a role in attachment and invasion of host cells. Native NcSRS2 was isolated from whole tachyzoite lysate antigen by

affinity chromatography using NcSRS2 specific monoclonal antibody and used to immunize BALB/c mice in a congenital transmission

study. NcSRS2 was a highly conserved protein as indicated by comparison of deduced amino acid sequence obtained from NcSRS2 gene

sequences of 10 geographically distinct N. caninum isolates. Mice immunized with purified native NcSRS2 produced antigen-specific

antibody, primarily of IgG 1 subtype. Following challenge during gestation with 107 tachyzoites, immunized mice had a statistically

significant decreased frequency of congenital transmission compared to non-immunized mice (P%0.05) or mice inoculated with adjuvant

alone (P%0.01). Decreased congenital transmission among immunized mice correlated with a predominately Th2 immune response

compared to non-immunized mice as indicated by an increased ratio of interleukin 4 (IL-4) to interferon gamma (IFN-g) secretion from

antigen-stimulated splenocytes. The results provide a rationale for NcSRS2 as a candidate subunit vaccine antigen for reduction of N.

caninum congenital transmission. Furthermore, the studies suggest that a Th2 immune response, if directed against an appropriate antigen,

may induce protection against N. caninum congenital infection in mice.

q 2005 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Neospora caninum is an apicomplexan parasite closely

related to Toxoplasma gondii. The parasite infects a wide

rage of species, though to date, the only known definitive

hosts for N. caninum are domestic dogs (McAllister et al.,

1998) and coyotes (Gondim et al., 2004). While many
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mammalian species can be infected based upon evidence of

seroconversion, clinical disease occurs primarily in dogs

and cattle. In cattle, clinical disease is manifested as

parasite-induced abortions (Dubey, 2003). Congenital

transmission, resulting in a clinically normal but infected

calf, occurs and is likely the most common means of

perpetuation of infection within a given herd (Dubey, 2003).

Therefore, development of an effective vaccine to prevent

congenital transmission would prove beneficial for control

of neosporosis in cattle herds.

Research towards development of effective vaccines for

the prevention of neosporosis to date shows mixed results.

Clearly, immunity to fetal infection and abortion induced by

N. caninum can occur in experimentally and naturally
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infected cattle (Innes et al., 2001; Williams et al., 2003).

Immunity to experimental neosporosis in mice is associated

with a T helper 1 (Th1) immune response dominated by

production of interferon gamma (IFN-g) and IgG2a

antibody induction and a similar response may be protective

in cattle (Khan et al., 1997; Long et al., 1998; Baszler et al.,

1999). Immunization of mice with various recombinant

surface and dense granule proteins has demonstrated

protection against systemic disease (Cho et al., 2005). In

addition, immunization of mice with whole killed tachy-

zoites followed by experimental infection results in

reduction of congenital transmission but the mechanism of

immunity is unknown (Liddell et al., 1999). However, in an

encephalitis model in mice, immunization with tachyzoite

sonicate can result in exacerbation of disease suggesting that

identification of specific protection-inducing antigens may

be important (Baszler et al., 2000). In ruminants, evaluation

of whole N. caninum tachyzoite protein vaccines shows

similar equivocal results. A study in 2000 showed that

vaccination of cattle with a whole tachyzoite antigen did not

reduce congenital transmission rates following subsequent

experimental challenge (Andrianarivo et al., 2000). A later

study with a commercially available whole tachyzoite

vaccine under field conditions demonstrated a reduction in

general abortion rates in vaccinated cattle, although precise

causes of the abortions and adjuvant effects were not

determined (Romero et al., 2004). In sheep, one study using

whole tachyzoite immunizations detected no change in

abortion rate, but reduced congenital transmission

(O’Handley et al., 2003), while a second study resulted in

improved fetal survival, but no effect on congenital

transmission rate (Jenkins et al., 2004).

Methods for improvement of N. caninum vaccines may

require subunits that direct the immune system toward

specific antigens or epitopes that induce a protective

response. In this regard, much research is directed toward

N. caninum surface proteins in attempt to target the immune

responses toward antigens accessible during the extracellu-

lar phase of parasitemia, or toward proteins crucial for

parasite transmission and survival. One of these surface

proteins, N. caninum SAG1 related sequence 2 (NcSRS2)

has previously been shown to have a role in attachment and

invasion of host cells (Nishikawa et al., 2000a). Most work

with NcSRS2 as an immunogen has focused upon DNA

vaccines and/or recombinant proteins. Nishikawa and co-

workers (Nishikawa et al., 2000b) have developed

recombinant vaccinia virus vectors that express the

NcSRS2 gene. Immunization with the vaccinia virus that

expresses NcSRS2 resulted in reduced parasite load in

tissues following challenge compared to animals immu-

nized with vector alone (Nishikawa et al., 2001a). Similarly,

immunization with this recombinant virus resulted in

reduction in congenital transmission in females

vaccinated before pregnancy and challenged during

pregnancy (Nishikawa et al., 2001b). In a cerebral infection

model, immunization with recombinant NcSRS2 resulted in
production of antibodies to recombinant, but not native

protein, and only slight reduction in infection relative to

adjuvant controls. However, when recombinant NcSRS2

was combined with the eukaryotic expression plasmid

pcDNA3 containing a NcSRS2 cDNA insert, antibodies to

both recombinant and native protein were produced and

cerebral infection following subsequent challenge was

significantly reduced (Cannas et al., 2003). These findings

suggest that protein in its native state may be required to

induce an effective immune response.

The purpose of the current work is to determine whether

or not native NcSRS2 would induce protective immunity to

congenital neosporosis and to correlate that protection to a

specific immune response. The results indicate that

immunization of mice with native NcSRS2 prior to

pregnancy induced protective immunity to parasite chal-

lenge given during pregnancy. Surprisingly, protective

immunity correlated with a Th2 immune response.
2. Materials and methods
2.1. NcSRS2 sequence comparison
2.1.1. Parasites

Ten geographically distinct N. caninum isolates obtained

from naturally infected hosts were used as a source of

NcSRS-2 DNA for sequence comparison. Sources of isolates

were as follows: BPA1, bovine isolate from the USA (Conrad

et al., 1993); BPA6, bovine isolate from the USA (Barr et al.,

1993); JPA4, bovine isolate from Japan (Yamane et al.,

1998); JPA5, bovine isolate from Japan (Yamane et al.,

1998); NC1, canine isolate from the USA (Dubey et al.,

1988); NC2C, canine isolate from the USA (Hay et al., 1990);

NC5, canine isolate from the USA (Dubey et al., 1988);

NCLiv, canine isolate from the UK (Barber et al., 1995);

SweB1, bovine isolate from Sweden (Stenlund et al., 1997);

and DubeyB1 (NC-beef1), bovine isolate from the USA

(McAllister et al., 2000). The Dubey B1 isolate (also known

as NC-beef1) was isolated in the laboratory of one of us (JPD)

in equine dermal cells inoculated on February 28, 1998 with

brain homogenate of a beef calf that was born prematurely.

Tachyzoites were first seen in the flask 31 days later and sub-

passaged to new flasks at that time. Thus, this strain had been

cultured in vitro for only a few passages before use in the

present study. For all isolates, parasite tachyzoites were

propagated in Vero cells using Dulbeco’s modified essential

medium (DMEM), 10% fetal calf serum (FCS), at 37 8C in

95% air/5% CO2 atmosphere. Vero cell cultures were grown

to confluency and infected with N. caninum and allowed to

lyse. Separation of parasites from Vero cell debris was

accomplished by passage through 10 mm nylon filters

(Millipore). The parasites were washed several times in

PBS and centrifuged at 800 g for 20 min. The pellets were

stored at K20 8C.
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2.1.2. Isolation of parasite DNA and PCR amplification

of NcSRS-2 genes

Thawed pellets of tachyzoites were incubated overnight

in lysis buffer (50 mM Tris–HCl (pH 8), 100 mM EDTA,

100 mM NaCl,1% SDS) and 200 mg/ml Proteinase K at

55 8C (Long and Baszler, 2000). DNA isolation was

performed by the Phenol:chloroform:isoamyl alcohol

method and precipitated in ethanol (Burns et al., 1997).

The pellet was stored at K86 8C. The NcSRS-2 gene

fragments were obtained by PCR using forward primer

SRS-2F (5 0ATGGCGACGCATGCTTGTGTGGTG3 0), and

reverse primer SRS-2R (5 0GTACGCAAAGATTGC

CGTTGC3 0) (Marsh et al., 1999). The PCR conditions

were (94 8C for 1 min) 35 cycles (94 8C for 30 s, 68 8C for

3 min, 68 8C for 3 min) and an extension (15 8C for 7 min).

The amplicons were identified by gel electrophoresis

(agarose 1%) at 100 V followed by staining with ethidium

bromide.

2.1.3. Cloning and sequencing

The amplified PCR products were cloned using a TOPO

TA cloning kit (Invitrogen). Several colonies were selected

of each isolate for sequencing. Plasmid DNA was isolated

using the Wizard Plus SV Miniprep DNA purification

system (Promega) and the sequencing reaction employed

the dye termination method. Both strands were sequenced

using an ABI 3100 Genetic Analyser.

2.1.4. Analysing DNA sequences

Results of sequencing reactions were analyzed using

DNA Star’s SEQman version 5.0. Five to 10 clones per

isolate were sequenced to obtain a reliable consensus

sequence. Sequences were aligned and a consensus

sequence was produced for each of the 10 isolates. The

consensus sequences were aligned using the CLUSTALW

method and NcSRS-2 gene and deduced amino acid

sequences compared between isolates and published

sequences.

2.2. Isolation of native NcSRS2

2.2.1. Development of NcSRS2-specific antibody

and affinity column

Surface proteins in their native conformation were

isolated using NcSRS2-specific mAb 100.2.4 loaded on a

cyanogen bromide-activated Sepharose 4b immunoaffinity

column similar to previously described methods (Debard

et al., 1996). The hybridoma secreting mAb 100.2.4 was

generated from splenocytes of a mouse infected with live

N. caninum tachyzoites using standard methods previously

described in our laboratory (Baszler et al., 1996). The

antibody was shown to recognize a diffusely distributed

surface antigen by indirect fluorescent antibody test (data

not shown). In short, tachyzoites were attached to glass

slides using a Cytospinw cytocentrifuge followed by

fixation with acetone and air drying. The glass slides were
then incubated with mAb 100.2.4 for 1 h at room

temperature, washed with PBS, incubated with fluorescein

conjugated goat anti-mouse Ig for 1 h at room temperature

in the dark, and washed with PBS again. The slides were

then examined under fluorescent light.

Approximately 76 mg of mAb 100.2.4 was incubated

with cyanogen bromide-activated Sepharose 4b overnight

followed by blocking with 0.3 M Tris (pH 7.4) and

alternating pH 4 and pH 8 washes. Binding of greater than

95% of antibody to the Sepharose was confirmed by

comparisons of OD280 before and after exposure to the gel.

Following washing and resuspension in PBS, the Sepharose

with bound mAb was then added to a laboratory column.

2.2.2. Affinity purification and characterization

of native NcSRS2

The NC-1 strain of N. caninum parasites were grown in

Vero cell cultures and collected when 90–95% of the Vero

cells had ruptured. Tachyzoites were washed three times in

PBS then resuspended in detergent (1% NP40, Boering

Mannheim) and protease inhibitor (1 mM phenylmethylsul-

fonylfluoride, Spectrum Quality Products, Inc.) in water.

The resuspended tachyzoites were sonicated at full power

for six pulses of 30 s each. The sonicate was centrifuged at

800 g for 20 min at 4 8C and the supernatant (Nso) was

collected for affinity chromatography. Crude protein (Nso)

was then passed over the column, the column was washed,

and purified protein was eluted with 3 M NaSCN.

The purity of the protein was analysed by SDS-PAGE

and Western blot. For each, 20 mg of antigen (Nso or

column eluent) was loaded per lane in pre cast, 4–20%

gradient acrylamide gels (Biorad). Following electrophor-

esis, one gel was fixed in 30% ethanol and 10% acetic acid,

washed and incubated with 0.1% silver nitrate. Silver

staining was then identified by incubating the gel with 2.5%

sodium carbonate and 0.02% formaldehyde and stopped

with 1% acetic acid. Proteins on the second gel were

transferred to a nitrocellulose membrane using standard

methods. Prior to immunodetection, the membrane was

blocked with 2.5% milk in PBS with 0.05% Tween 20.

Following blocking, the membrane was divided into thirds

and probed with anti-Neospora antiserum, mAb 100.2.4, or

no primary antibody. Bound antibody was detected by

chemiluminescence using HRPO-conjugated, goat anti-

mouse IgG and IgM followed by tetramethylbenzidine

(TMB, Sigma) and exposure of radiographic film.

To further confirm purity and to ensure that the purified

native NcSRS2 stimulated antibody production in the

mouse, 20 mg of eluted protein suspended in Freund’s

incomplete adjuvant (total volume 200 ml) was injected

subcutaneously three times at 10 day intervals into four

mice. Serum was collected from each mouse prior to the first

immunization and following each of the immunizations.

The serum from each collection was evaluated by ELISA

(using native affinity purified NcSRS2 as antigen) and by

western blot loaded with whole tachyzoite antigen (Nso).
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2.3. Experimental design of NcSRS2 immunization

and challenge

All animal use was approved by the Washington State

University Institutional Animal Care and Use Committee.

The timeline for immunization, challenge infection, and

detection of congenital transmission is outlined in Fig. 1.

Eight to 10 week old female BALB/c mice were divided

into three groups of 15–20 mice each. Group 1 consisted of

15 untreated mice (congenital transmission control). Group

2 included 15 mice that were injected with 200 ml of a 50:50

mixture of PBS and Freund’s incomplete adjuvant (adjuvant

control). Group 3 was the treatment group and included 20

mice that were immunized with 20 mg of native NcSRS2 in

Freund’s incomplete adjuvant (200 ml total volume). Each

injection in the mice in groups 2 and 3 was given

subcutaneously four times at 10 day intervals, with the

last injection occurring 7 days prior to exposure to males.

Each individual female mouse was then housed for

5 days with a 10–12 week old male mouse that had

previously sired a litter. Females were examined three times

daily for evidence of a copulatory plug. The first day that a

copulatory plug was seen was designated as day 0 of

pregnancy. On day 10 of pregnancy, each female mouse was

challenged with 1!107 NC-1 tachyzoites i.p. At 7 days of

age, mouse pups were euthanized and brain and lungs were

collected using individual sterile instruments and stored at

K80 8C for subsequent PCR evaluation of infection. At the

same time, the dams were euthanized for collection of

cardiac blood for serum antibody analysis and spleens for

splenocyte cytokine analysis. Spleen cells were isolated by

triturating in DMEM using a 21-gauge needle and the single

cell suspension of splenocytes suspended in 90% serum and

10% DMSO and frozen at K80 8C.

2.4. Detection of congenital transmission by PCR

DNA was extracted from a total of 25 mg of brain and

lung from each pup using a DNeasyw kit (Qiagen). A semi-

nested PCR was then performed on the pup DNA using

primers NP6/NP21 amplifying a 321 bp oligonucleotide

followed by NP6/NP7 which amplifies a 220 bp fragment as

previously described (Yamage et al., 1996). The entire
Primary
Immunization

Boost 
#1

Boost
#2

Boost
#3

Day
–37

–27 –17 –7

Groups 2 and 3

Fig. 1. Timeline of treatments for NcSRS2 immunization, challenge infection wi

transmission by PCR.
process was repeated once for each mouse pup. Controls

included tachyzoite-spiked mouse tissue as the positive

control, and negative mouse pup tissue (pups from normal,

non-infected dams) and water only as the negative controls.

In our laboratory the nested PCR using the primer pairs

described above has a detection limit of one tachyzoite per

15 mg of tissue (data not shown). The congenital infection

rate or frequency of transmission was the number of PCR

positive pups divided by the total number of pups for that

respective dam. The mean congenital transmission rate per

dam was calculated and differences between NcSRS2

vaccinated and control groups compared by Chi Square

analysis (P%0.05).
2.5. Antibody isotyping

Serum from terminal cardiac blood collection of dams

was used to measure antigen-specific IgG1 and IgG2a titers

by ELISA as described previously (Baszler et al., 1999).

Native NcSRS2 was substituted for whole tachyzoite

antigen (Nso) as antigen.
2.6. Cytokine profile

Parasite-specific IL-4 and IFN-g secretion was measured

by ELISA as previously described except native NcSRS2

was used for antigen-specific in vitro stimulation (Baszler

et al., 1999). Each well was cultured for 3 days followed by

24 h of stimulation. Five wells were incubated for each

splenocyte preparation including one well loaded with 5 mg

of ConA (positive control), one well with no antigen added

(negative control) and three wells incubated with 9 mg per

well each of native NcSRS2. The O.D. of each well was

determined by an electronic plate reader at a wavelength of

450 nm and converted to ng/ml using a standard curve

generated using serial dilutions of known concentrations of

rIL-4 and rIFN-g (R&S Systems Inc., Minneapolis, MN,

USA). The mean cytokine level and SD and IL-4:IFN-g
ratio and SD of NcSRS2-immunized and control groups

were calculated and groups compared by ANOVA

(P%0.05).
Breed Infect Expect 
Pups

Collect
Pups

0 +10–12 +19–21 Birth +7

All Groups

th Neospora caninum tachyzoites, and detection of N. caninum congenital
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3. Results
3.1. NcSRS2 sequence comparison

NcSRS2 genes generated by PCR from each geographi-

cal isolate of N. caninum described in materials and methods

were successfully cloned and sequenced. Combining five to

10 sequences of each clone generated a consensus sequence

for each isolate. Differences in single nucleotides between

clone sequences from individual isolates were resolved

using the majority rule. Alignment of the consensus

sequences from all 10 isolates using the ClustalW method

revealed 99.7–100% NcSRS2 sequence identify at the gene

and deduced amino acid sequence level. Isolates BPA1,

BPA6, JPA4, NC1, NC2C, NC5, NCLiv, SweB1, and

Dubey B1 had 100% sequence identity of NcSRS2. A single

base difference was observed only for the JPA-5 consensus

sequence. The translated protein differed in a single amino

acid at position 338 where the JPA-5 translated a glutamine

when the other nine isolates translated a lysine.
3.2. Isolation and characterization of affinity purified

native NcSRS2

Monoclonal antibody 100.2.4 was identified as IgG2a

and bound diffusely to the exterior surface of viable

N. caninum tachyzoites as indicated by IFA (data not

shown). Dotblot assay revealed binding of mAb 100.2.4 at
Col

Ns

Pol
Ant

50 kd -

42 kd -

25 kd -

50 kd -

42 kd -

25 kd -

1

36 kd -

(a) (b)

Fig. 2. SDS-PAGE and Western blot analysis of Neospora caninum tachyzoite anti

affinity column eluate (4–20% gradient gel). The position of molecular mass sta

antigen (Nso) (Lanes 1, 3, 5) or NcSRS2 affinity column eluate (Lanes 2, 4, 6) pro

100.2.4 at 8 ug/ml (Panel 2), or buffer alone as primary antibody (negative control)
low concentrations (0.05 ug/ml) to native sonicated

N. caninum antigen (Nso) (not shown). Western blotting

analysis (Fig. 2b) revealed mAb 100.2.4 bound to a single

N. caninum tachyzoite antigen with a molecular mass of

42 kDa (Fig. 2b, lane 3); an antigen of the same size was

bound by polyclonal N. caninum positive mouse serum

(Fig. 2b, lane 1).

The relative purity of antigen collected from the affinity

column was demonstrated by SDS-PAGE and Western blot

analysis (Fig. 2a and b). Based upon the SDS-PAGE under

reducing conditions, three major molecules of molecular

mass 25, 42, and 50 kDa were isolated following elution of

the 100.2.4 affinity column (Fig. 2a). Three antigens of

similar molecular masses were recognized by western blot

analysis of column eluates when probed with either mouse

polyclonal anti-Neospora serum or with mAb 100.2.4

(Fig. 2b, Lanes 2 and 4). A control consisting of incubation

with only the anti-mouse Ig secondary antibody showed

strong reactivity of the 25 and 50 kDa proteins, but not the

42 kDa protein, indicating that the 25 and 50 kDa bands

represented the heavy and light chains of mouse immuno-

globulin and that the 42 kDa protein was Neospora specific

(Fig. 4B, Lane 6).

To further characterize the 42 kDa antigen in column

eluates, two BALB/c mice were immunized with the

column eluate antigen preparation as described in the

Materials and methods. Western blot analysis of whole

tachyzoite antigen Nso probed with sera from immunized
Colo ColNso ColNso

yclonal
iserum

No Primary
AntibodymAb 100.2.4

2 3 4 5 6

gen (Nso) and affinity column purified NcSRS2. (a) SDS-PAGE of NcSRS2

ndards is indicated on the left. (b) Western blot of N. caninum tachyzoite

bed with polyclonal mouse anti-Neospora serum at 1:1,000 (Panel 1), mAb

(Panel 3). The position of molecular mass standards is indicated on the left.



Fig. 3. Western blot analysis of serum from BALB/c mice immunized with

affinity column purified native NcSRS2. Neospora caninum whole

tachyzoite sonicate (Nso) was used as antigen and probed with polyclonal

mouse anti-Neospora serum (lane 1), NcSRS2-specific mAb 100.2.4 as

positive control (lane 2), mono-specific anti-serum from NcSRS2

immunized mice (lane 3), or non-immune serum from naı̈ve mouse (lane

4). Molecular mass indicator of NcSRS2 indicated on left.

Table 1

Comparison of Neospora caninum congenital transmission between

NcSRS2-immunized and control groups

Experimental N. caninum- Total Frequency of

G.J. Haldorson et al. / International Journal for Parasitology 35 (2005) 1407–14151412
mice revealed immunoreactivity of a single 42 kDa band

(Fig. 3, Lane 3), similar to Nso probed with anti-NcSRS2-

specific mAb 100.2.4 (Fig. 3, lane 2).

groups positive

offspring/dam

offspring/

dam

transmission/

dam

1. Non-

immunized

1 5 0.20

3 6 0.50

2 4 0.50

5 7 0.71

1 4 0.25

3 8 0.38

2 4 0.50

Total 17 38 Mean 0.45

2. Adjuvant

only

4 6 0.67

3 4 0.75

2 2 1.00

1 6 0.17

3 3 1.00

Total 13 21 Mean 0.62

3. NcSRS2-

immunized

1 5 0.20

1 6 0.17

0 3 0.00

1 2 .050

3 3 1.00

0 3 0.00

1 6 0.17

1 5 0.20

1 5 0.20

1 4 0.25

Total 10 42 Mean 0.24a,b

a Chi Square analysis with group 1, Chi SquareZ3.91, P!0.05.
b Chi Square analysis with group 2, Chi SquareZ6.96, P!0.01.
3.3. Analysis of pregnant BALB/c mice immunized

with native NcSRS2

Results of the congenital transmission studies are

summarized in Table 1. NcSRS2-immunized mice

(Group 3) had decreased frequency of transmission, both

with respect to the percentage of dams transmitting and the

total number of fetuses infected when compared with mice

in control groups that were not immunized (Group 1) or

inoculated with adjuvant only (Group 2). The 24%

frequency of fetal transmission of parasites in the NcSRS2

immunized group was significantly lower when compared

with the 45% congenital transmission rate non-immunized

control group (Chi square 3.91, P!0.05) and the 62%

congenital transmission rate in the group inoculated with

adjuvant only (Chi square 6.96, P!0.01). The difference in

the number of dams with congenital transmission was not

statistically significant between groups (Group 1–7 of 7;

Group 2–5 of 5; and Group 3–8 of 10). Multiple dams in

each group of mice had pups that died on days 1 or 2 (seven

to 10 total pups per group). In many cases, these pups were

partially or completely cannibalized by their dams. Given

that not all of these pups could be collected, results of PCR

from their tissues were not included in the total number

analyzed.

Immunized dams (Group 3) produced higher (P!0.05)

levels of IL-4 (Fig. 4A) and lower (P!0.01) levels of IFN-g
(Fig. 4B) compared with non-immunized control mice

(Group 1) and higher (P!0.01) levels of IL-4 compared to

mice inoculated with adjuvant alone (Group 2). Taken

together, there was a significantly higher IL-4: IFN-g ratio

in NcSRS2 immunized mice compared with both control

groups (Fig. 4C) (P%0.01).

Immunization with native NcSRS2 in Freund’s incom-

plete adjuvant induced the production of primarily parasite-

specific IgG1 (mean IgG1 titer 1:1,200, mean IgG2a titer 1:

100). Following challenge infection and gestation, although

parasite-specific antibody titers increased in NcSRS2-

immunized mice there was a predominant bias towards

IgG1 isotype production, to the near exclusion of IgG2a

(Mean IgG1 titer 1:4,000, mean IgG2a titer 1:70).
4. Discussion

The data presented indicate that immunization with

affinity purified, native NcSRS2 can significantly reduce N.

caninum congenital transmission in experimentally chal-

lenged BALB/c mice. Furthermore, protection in NcSRS2-

immunized mice was associated with a Th2 immune
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Fig. 4. Parasite-specific interleukin-4 (A) and interferon-g (B) secretion or

IL-4:IFN-g ratio (C) from splenocytes stimulated in vitro with native

NcSRS2. Splenocytes obtained from dams terminally after experimental

treatment and challenge infection. Experimental treatments were: Group

1ZNon-immunized control. Group 2ZAdjuvant control (incomplete

Freund’s incomplete adjuvant only). Group 3ZNative NcSRS2 immunized

with incomplete Freund’s adjuvant. BarsZmean of group, error barsZ1

SD.

G.J. Haldorson et al. / International Journal for Parasitology 35 (2005) 1407–1415 1413
response as shown by parasite-specific splenocyte cytokine

and serum antibody isotype analyses. To our knowledge,

this is the first report of the potential efficacy of

immunization with affinity purified, native NcSRS2 indu-

cing a T helper 2 (Th2) immune response in a congenital

transmission model. Vaccine development using native

NcSRS2 would be desirable because it is a highly conserved

parasite surface protein with potential for efficacy over

diverse geographical regions worldwide.

The native NcSRS2 immunogen used in the experiments

was affinity purified using anti-NcSRS2-specific
monoclonal antibody 100.2.4. We confirmed the specificity

of the NcSRS2 monoclonal antibody 100.2.4 several ways.

Firstly, mAb 100.2.4 bound to a tachyzoite surface protein

in its native state as shown by IFA. Secondly, both mAb

100.2.4 and anti-N. caninum polyclonal serum from N.

caninum-infected mice bound a 42 kDa antigen, a molecular

mass appropriate for NcSRS2 in western blot using whole

tachyzoite lysate as antigen (Hemphill and Gottstein, 1996).

Thirdly, in a separate experiment from our laboratory both

anti-N. caninum polyclonal serum and mAb 100.2.4 bound a

recombinant protein identical to the published sequence of

NcSRS2, (Staska et al., 2005). It should be noted that reports

of the size of NcSRS2 vary depending upon SDS-PAGE

conditions. Some reports refer to a 35 kDa protein (under

non-reducing conditions), while others refer to a molecular

mass of 42 or 43 kDa (under reducing conditions), the latter

similar to the studies reported herein (Hemphill, 1996;

Howe et al., 1998). Most importantly, the relative purity of

the antigen eluted from the affinity column was further

confirmed in trial immunization studies, where mice

immunized with affinity purified NcSRS2 produced mono-

specific antibodies to a single protein of the 42 kDa, the

molecular mass for NcSRS2.

There were several critical observations made with the

BALB/c congenital transmission model used in our study.

The results may have been skewed some what by a

relatively low percentage of pups surviving until day 7 of

age. We attribute this finding, at least in part, by the high

challenge dose that was given during pregnancy. The dose

of 107 tachyzoites was based on previous research in our

laboratory when pups were analyzed for infection at 1 day of

age (Long and Baszler, 2000). Doses of 105 or 106 infectious

organisms have been used in other published research to

demonstrate N. caninum congenital transmission in mouse

models when pups were analysed for infection at 7 days of

age (Nishikawa et al., 2001b; Quinn et al., 2002). This 1–2

log difference in dose could explain reduced survival in all

groups due to the challenge infection overwhelming the

immune system. A second component was low fecundity of

bred mice. In previous studies from our laboratory and

others, congenital transmission could be expected to range

between 80 and 100% rather than the 45% seen in our

control group. The cause for low fecundity was not

determined. However, these potential adverse components

of the congenital transmission studies did not prevent

demonstrating a statistically significant two- to three-fold

reduction in N. caninum congenital transmission in mice

immunized with native NcSRS2 and challenged with

parasites compared to mice in non-immunized groups.

An interesting finding in this study was the association

of protection to N. caninum congenital transmission with

a bias of the immune system to a Th2 response. The

majority of previous studies suggest the paradigm of a

Th1 immune response, characterized by relative increases

in IFN-g and IgG2a relative to IL-4 and IgG1,

respectively, is necessary for protection against
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neosporosis (Khan et al., 1997; Long et al., 1998; Baszler

et al., 1999; Baszler et al., 2000; Ritter et al., 2002). It is

possible that a Th1 response is protective primarily against

encephalitic neosporosis, but is not the primary protective

response against congenital transmission. However, in a

previous study in our laboratory when IL-4, a Th2

cytokine, was neutralized in conjunction with pre-

pregnancy infection, congenital transmission was

decreased in mice subsequently challenged with virulent

parasite. This suggests that a Th1 response protective

against congenital transmission can be functional during

pregnancy (Long and Baszler, 2000).

Alternatively, subunit immunization with native

NcSRS2 may induce a protective response that overrides

the permissive effects of a predominant Th2 immune

response relative to parasite congenital transmission. It

has been shown that with DNA immunization encoding

NcSRS2 immune protection correlates with relative

increase in IL 4 over IFN-g (Nishikawa et al., 2003). It is

also possible that redirection of the immune system to a

primarily Th2 response is due to a combination of antigen

effects and pregnancy effects (Kano et al., 2005). Similarly,

our study utilizing native NcSRS2 immunization to protect

against congenital transmission correlated with relative

increases in IL-4 and IgG1, compared with IFN-g and

IgG2a. Since the effector function of Th2 immunity is

primarily humoral, these studies suggest that induction of a

protective antibody response to neosporosis is possible.

There is clearly support for further investigation of

N. caninum subunit antigens as potential vaccine antigens

and for the role of protective antibody responses in

prevention of N. caninum congenital transmission.
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